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Abstract
Bovine torovirus (BToV) is an important diarrhea-causing pathogen affecting bovines. To facilitate BToV detection, a reverse 
transcription insulated isothermal PCR (RT-iiPCR) assay was developed that targets the BToV M gene with high specificity 
and reproducibility. The assay has a limit of detection of 23 copies/μL. Out of 69 diarrheic fecal samples from yaks collected 
on six farms in Tibet and Sichuan provinces in China, 11.59% (8/69) tested positive for BToV using this assay. The full-
length spike (S) and hemagglutinin-esterase (HE) genes of three positive samples were subsequently sequenced. Notably, 
an identical recombination event was identified in the S1 subunit of the S protein of three isolates. All of the HE genes were 
found to belong to genotype III and shared the same unique aa variation (P44S) in the esterase domain. This study is the first 
confirmation of BToV in yaks and the first report of an S gene recombination event in BToV. Our findings will enhance the 
current understanding of the molecular characteristics and genetic evolution of BToV.

Introduction

Bovine torovirus (BToV) belongs to the subgenus Reni-
tovirus, genus Torovirus, family Tobaniviridae, and order 
Nidovirales (ICTV: https://​talk.​ictvo​nline.​org/). This diar-
rhea-causing bovine pathogen can also be detected in nasal 
samples, indicating that this virus has dual tissue tropism 
and implicating it as a possible causative agent for bovine 
respiratory disease [1–5]. To date, BToV has been reported 
in at least 17 countries, suggesting a worldwide geographical 
distribution [1, 3, 5–9].

BToVs are enveloped, single-stranded, positive-sense 
RNA viruses [10]. The genome contains six open reading 

frames (ORFs) (ORF1a, ORF1b, S, M, HE, and N) and 
untranslated regions (UTRs) at both ends [11]. The S, M, 
HE, and N ORFs encode the spike (S), membrane (M), 
hemagglutinin-esterase (HE), and nucleocapsid (N) pro-
tein, respectively [11]. The S protein is composed of two 
subunits (S1 and S2) and is involved in viral pathogenicity, 
host range, and tissue tropism [10, 12, 13]. The HE pro-
tein contains three functional domains: a lectin domain (R), 
an esterase domain (E), and a membrane-proximal domain 
(MP), and the R and E domains may be important for virus 
entry [14]. Based on their HE gene sequences, BToVs can be 
classified into three genotypes (I-III) [15], with genotypes II 
and III being the most prevalent [6]. The M protein functions 
in BToV assembly and nucleocapsid recognition [10]. The 
N protein is the only viral RNA-binding protein, and it acts 
in virus transcription and translation [10].

Yaks (Bos grunniens) belong to the genus Bos within 
the family Bovidae and are a unique long-haired bovine 
species. There are over 14 million yaks worldwide, dis-
tributed in high-altitude regions (above 2500–6000 m), 
mainly on the Qinghai–Tibet plateau in China and in parts 
of Nepal, India, Pakistan, Kyrgyzstan, Mongolia, and 
Russia [16]. Yaks are an essential source of food products 
such as meat and milk and also provide a means of trans-
portation and fuel (faeces) for the local Tibetan people 
[17]. Diarrhea is common in newborn yaks, resulting in 
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major economic losses to the yak industry [17], and sev-
eral diarrhea-causing viruses have been found circulating 
in yaks, including bovine rotavirus A (BRVA), bovine 
coronavirus (BCoV), bovine viral diarrhea virus (BVDV), 
and neboviruses (NeVs) [18–21]. However, there is cur-
rently no information regarding BToV in yaks. The goal 
of this study was to develop a RT-iiPCR assay to enable 
the rapid detection and molecular characterization of 
BToV in yaks.

Recently, a fluorescent probe hydrolysis-based insu-
lated isothermal PCR (iiPCR) technology was invented 
and made commercially available [22]. It involves the 
amplification of the target cDNA by cycling the reac-
tion components through different temperature ranges to 
achieve the denaturation, annealing, and extension steps 
of PCR [22]. Using a field-deployable PCR machine 
(POCKIT Nucleic Acid Analyzer, GeneRadar Biotech-
nology Corp., Xiamen, China), on-site detection is pos-
sible. iiPCR assays have been shown to be as sensitive 
as laboratory-based real-time PCR assays and have been 
used for the detection of many animal pathogens [22–24]. 
The goal of this study was to develop a RT-iiPCR assay to 
enable the rapid detection and molecular characterization 
of BToV in yaks.

Materials and methods

Viruses, bacteria, and clinical samples

Members of six virus species (bovine torovirus, bovine 
viral diarrhea virus, bovine rotavirus, bovine coronavirus, 
bovine enteritis virus, and bovine astrovirus) and four bac-
terial species (Escherichia coli K99, Salmonella Dublin, 
Clostridium perfringens, and Campylobacter jejuni) that 
potentially infect bovines were used to evaluate the speci-
ficity of the RT-iiPCR assay. Nucleic acid samples were 
preserved in our laboratory.

Forty-three diarrheic samples from dairy calves (aged 
≤ 3 months) were collected from September to November 
2018: 23 from Sichuan Province (Chongzhou city: 30° 
39′ N 103° 40′ E, one farm) and 20 from Henan prov-
ince (Zhongmou county: 34° 72′ N 113° 97′ E, one farm). 
These samples were used to compare detection methods.

A total of 69 diarrheic samples were collected from 
yaks (aged ≤ 3 months) during 2018 and 2020 (collected 
from June to August each year): 34 from the Tibet Auton-
omous Region (Ngari prefecture: 33° 42′ N 80° 11′ E, 
three farms) and 35 from Sichuan Province (Hongyuan 
county: 32° 47′ N 102° 32′ E, three farms). All samples 
were shipped to our laboratory on ice and stored at −80 ℃ 
in sterile 50-ml centrifuge tubes.

RNA extraction and cDNA synthesis

The clinical faecal samples were fully resuspended in phos-
phate-buffered saline (PBS) (1:5), centrifuged at 10,000 g 
for 10 min, and passed through a 0.45-µm filter. Viral RNA 
was extracted from 300 µl of the faecal suspension using 
RNAios Plus (TaKaRa Bio, Inc., Japan) according to the 
manufacturer’s instructions. cDNA synthesis was carried out 
in a 20-μL reaction volume containing 4 μL of 5× Prime 
Script Buffer, 1 μL of Prime Script RT Enzyme Mix I, 2 
μL of random hexamer primers (TaKaRa Bio, Inc.), 9 μL 
of RNase-free water, and 4 μL of RNA. The mixtures were 
incubated at 37 °C for 15 min, 85 °C for 15 s, and 16 °C for 
10 min and then stored at -20 °C.

RT‑iiPCR

Primer design

The primers and probe were designed based on the com-
plete M gene sequences (GenBank database) of all 13 BToV 
strains. A 114-bp segment of the M gene sequence was 
chosen as the target using Beacon Designer 8. The primer 
sequences were as follows: F, 5’-GCT​TGT​TGC​ACT​TGA​
TRT​TA-3; R, 5’-GCT​GTT​AAT​GGT​TTA​TTG​C-3’; and the 
TaqMan probe sequence was FAM-5’-AAG​ATG​TTG​CCA​
ACC​TCC​TTA​ACA​A-3’-BHQ1.

Optimization of RT‑iiPCR

Various concentrations of components were tested and 
screened in a total volume of 50 μL, which included the 10 
µM forward and reverse primers (0.5-4 μL), 10 µM probe 
(0.05-0.4 μL), 16.6-23.95 μL of RNase-free water, and 25 
μL of Premix Ex Taq DNA polymerase (5 U/μL) (TaKaRa 
Biotechnology, Dalian, China). The RT-iiPCR was carried 
out using a POCKITTM device (GeneRadar Biotechnology 
Corp), with default parameters and an iiPCR step at 95℃ 
for 58 minutes. Optimum conditions were determined by 
measuring the ratio between the final and initial fluorescence 
intensities (A502/B520).

Specificity of RT‑iiPCR

Ten major bovine diarrhea-causing pathogens (listed above) 
were used to determine the specificity of the RT-iiPCR.

Sensitivity of RT‑iiPCR

A BToV standard plasmid was prepared as described by 
Hosmillo et al. [25]. Briefly, the targeted 603-bp M gene 
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fragment was cloned into the pMD19 Simple T Vector 
(TaKaRa Bio Inc.) and introduced into competent Escheri-
chia coli DH5α cells (Yeasen). The plasmids were extracted 
using a MiniBEST Plasmid Purification Kit (TaKaRa Bio 
Inc.) and sequenced (Sangon Biotech) in both directions. 
The copy number was determined by SYBR Green real-
time RT-PCR [25]. Tenfold serial dilutions of the standard 
plasmid were prepared in RNase-free water and assayed by 
RT-iiPCR to evaluate the sensitivity of the test. All samples 
were amplified under the optimum conditions.

Reproducibility of RT‑iiPCR

Six different dilutions of the standard plasmid (10−4-10−9) 
were used to evaluate the reproducibility of the RT-iiPCR. 
Each sample was amplified in triplicate.

Comparison with SYBR Green real‑time RT‑PCR

A total of 43 clinical diarrhea samples collected from dairy 
calves were analyzed simultaneously by SYBR Green real-
time RT-PCR and RT-iiPCR, and the agreement between 
the two methods was calculated. Each sample was amplified 
in triplicate.

Screening for BToV by RT‑iiPCR

A total of 69 clinical samples (described above) were tested 
for the presence of BToV using the RT-iiPCR assay estab-
lished in this study.

Amplification of complete S and HE gene sequences

BToV-positive samples were used to simultaneously amplify 
the complete S and HE genes. The primer information is 
presented elsewhere [6]. All amplification products were 
purified and cloned into PMD19 Simple T Vector (TaKaRa 
Bio, Inc.) for sequencing, and the resulting sequences were 
assembled using SeqMan software (version 7.0; DNASTAR, 
Madison, WI, USA).

Sequence, phylogeny, recombination, and structural 
analysis

MEGA 7.0.26 was used to perform multiple sequence 
alignment using ClustalW and subsequently to build a phy-
logenetic tree, which was constructed by the maximum-
likelihood method with bootstrap values calculated for 
1000 replicates, Poisson correction, and an amino acid 
substitution model [26]. Nucleotide and deduced amino 
acid sequence identity values were determined using 
the MegAlign program in DNASTAR 7.0 (DNASTAR, 
Inc.). Recombination events were assessed using SimPlot 

software (version 3.5.1) and RDP 4.97, using the RDP, 
GeneConv, Chimaera, MaxChi, BootScan, SiScan, 3Seq, 
and Phylpro methods [27]. 3D models were constructed 
based on the crystal structure of bovine coronavirus 
hemagglutinin-esterase (SMTL ID: 3i26.1) using the 
online software SWISSMODEL (https://​www.​swiss​model.​
expasy.​org/​inter​active) [14].

Results

RT‑iiPCR

The optimal reaction volume was determined based on 
the maximum A520/B520 value of 2.5 using 4 μL of each 
primer (10 µM), 0.35 μL of probe (10 µM), 16.65 μL of 
nuclease-free water, and 25 μL of Premix Ex Taq DNA 
polymerase (5 U/μL) in a total volume of 50 μL. In this 
reaction volume, BToV could be detected by RT-iiPCR, 
and there was no amplification of the other pathogens 
tested. The limit of detection was 23 copies/μL, indicating 
the high sensitivity of this RT-iiPCR assay for the detec-
tion of BToV. (Note: the sensitivity was determined using 
standard positive plasmids without the background genetic 
material that would be present in a clinical sample.) To 
assess the repeatability of the assay, six samples of stand-
ard plasmid were assayed in triplicate with tenfold serial 
dilutions (from 10−4 to 10−9), and all samples were posi-
tive (Table 1). The consistency of this analysis is indica-
tive of the high reproducibility of the RT-iiPCR.

Forty-three previously collected diarrhea samples were 
selected to compare the RT-iiPCR and SYBR Green real-
time RT-PCR methods. Both assays gave identical results 
for each sample (Table 2), with a 41.86% (18/43) positive 
rate, indicating a high level of agreement between the RT-
iiPCR and SYBR Green real-time RT-PCR systems for 
detection of BToV.

Table 1   RT-iiPCR repeatability

Plasmid dilution Positive (runs 
1-3)

Average A520/
B520 ± SD

%CV

No template 0/3 0.99 ± 0.014 1.41
10−4 3/3 2.62 ± 0.001 0.04
10−5 3/3 2.56 ± 0.012 0.47
10−6 3/3 2.52 ± 0.012 0.48
10−7 3/3 2.19 ± 0.047 2.15
10−8 3/3 1.92 ± 0.037 1.93
10−9 3/3 1.64 ± 0.036 2.20

https://www.swissmodel.expasy.org/interactive
https://www.swissmodel.expasy.org/interactive
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Detection of BToV in yaks

Of the 69 diarrheic samples tested, 11.59% (8/69) were 
BToV positive by RT-iiPCR. Notably, BToV was found in 
samples collected from four farms in two provinces, with 
positive rates of 11.76% (4/34) and 11.43% (4/35) for sam-
ples collected in the Tibet Autonomous Region and Sichuan 
Province, respectively.

Molecular characterization of the S gene

Full-length S genes were successfully cloned from three 
positive samples from two different farms, one in the Tibet 
Autonomous Region and one in Sichuan Province, more than 
1500 km apart (GenBank accession numbers MW114530, 
MW114531, and MN882587.1). The three S genes were 
each 4755 bp in length, encoding a protein of 1584 amino 
acids (aa). These three S genes shared 99.3%-99.9% nt and 
99.2%-99.9% aa sequence identity with each other, and 
91.5%-99.6% nt and 89.8%-99.6% aa sequence identity with 
all 22 full-length BToV S gene sequences available in the 
GenBank database.

A phylogenetic tree was constructed by the maximum-
likelihood method based on the complete amino acid 
sequence of the S protein, and this showed that the three yak 
BToV strains were most closely related to Chinese dairy cow 
strains (GenBank accession nos. MT364039, MT364036, 
MT364037, and MT364041). Two strains from the Tibet 
Autonomous Region clustered separately in a small branch 
(Fig. 1). Compared to the 22 available full-length BToV 
S gene sequences, the strains from the Tibet Autonomous 
Region, XZ01 and XZ02, contained three amino acid muta-
tions (S35F, T1335I, and K1583R) (Fig. S1-S3). One of 
these substitutions (S35F) was located in the S1 subunit, 
and the others were in the S2 subunit.

Next, RDP 4.97 and SimPlot 3.5.1 were used to perform 
recombination analysis of the 34 available full-length ToV 
S gene sequences (25 BToV strains, six PToV strains, one 
EToV strain, one goat strain, and one Sarcophilus harrisii 
strain). Interestingly, recombination events had occurred in 
all three yak BToV strains. The recombination breakpoint 
was determined by analysis using RDP 4.97 (six methods: 
RDP, GeneConv, Chimaera, MaxChi, SiScan, and 3Seq; 
recombinant score: 0.581) as beginning at nt 220 in the 
fragment (breakpoint 99% confidence intervals: nt position 
1-285 in the fragment) and ending at nt 2296 (breakpoint 
99% confidence intervals: nt position 2198-2370 in the frag-
ment) in the putative major parental strain HT2 (GenBank 
accession no. MG957146.1) and the possible minor paren-
tal strain Breda 1 (GenBank accession no. AY427798.1) 
(Fig. 2). Moreover, using SimPlot 3.5.1, a standard simi-
larity plot analysis showed that the recombination region 
was mapped to nt 224–2279. Although the positions of 

Table 2   Comparison of BToV RT-iiPCR and SYBR Green real-time 
RT-PCR

−, negative; +, positive

Sample ID RT-iiPCR
(Average A520/B520 ± SD)

SYBR Green 
real-time RT-
PCR
(average Ct 
value ± SD)

SC01 + (1.98 ± 0.082) 32.58 ± 0.187
SC01 + (1.70 ± 0.050) 34.36 ± 0.328
SC03 + (1.76 ± 0.111) 33.18 ± 0.288
SC04 + (1.99 ± 0.096) 34.64 ± 0.421
SC05 + (2.1 ± 0.155) 33.36 ± 0.469
SC06 - -
SC07 - -
SC08 - -
SC09 - -
SC10 + (2.21 ± 0.092) 31.74 ± 0.462
SC11 + (1.81 ± 0.062) 33.99 ± 0.130
SC12 + (2.11 ± 0.142) 33.59 ± 0.072
SC13 + (2.76 ± 0.236) 14.34 ± 0.329
SC14 + (2.06 ± 0.066) 32.98 ± 0.101
SC15 - -
SC16 - -
SC17 + (2.56 ± 0.050) 26.79 ± 0.353
SC18 + (2.26 ± 0.089) 26.73 ± 0.524
SC19 + (1.96 ± 0.111) 33.42 ± 0.260
SC20 + (2.36 ± 0.210) 20.88 ± 0.325
SC21 + (2.16 ± 0.046) 33.12 ± 0.570
SC22 - -
SC23 + (2.66 ± 0.017) 19.90 ± 0.275
LN01 + (2.16 ± 0.020) 31.26 ± 0.320
LN02 + (2.09 ± 0.026) 32.35 ± 0.922
LN03 - -
LN04 - -
LN05 - -
LN06 - -
LN07 - -
LN08 - -
LN09 - -
LN10 - -
LN11 - -
LN12 - -
LN13 - -
LN14 - -
LN15 - -
LN16 - -
LN17 - -
LN18 - -
LN19 - -
LN20 - -
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the recombination breakpoints predicted by RDP 4.97 and 
SimPlot differed somewhat, both programs showed that the 
recombination breakpoint was located in the S1 subunit. 
The phylogenetic trees also provide supporting evidence 
of recombination events the S gene. Furthermore, four 
Chinese strains isolated from cattle (GenBank accession 
nos. MT364039, MT364036, MT364037, and MT364041) 
that clustered with the three recombinant strains in the 

phylogenetic tree (Fig. 1) were also identified as recombi-
nant strains with the same recombination point, indicating 
the same recombination event.

Molecular characterization of the HE gene

The full-length HE genes were successfully sequenced from 
the three positive samples that were used to amplify the S 

Fig. 1   Phylogenetic tree based 
on the complete deduced 1584-
aa sequence of the S protein. 
Sequence alignments and 
clustering were performed using 
ClustalW in MEGA 7.0 soft-
ware. The tree was constructed 
by the maximum-likelihood 
method with bootstrap values 
calculated for 1,000 replicates. 
The isolates from this study are 
indicated by a triangle, and the 
other Chinese BToV isolates are 
indicated by a square.

Fig. 2   Recombination analysis of strain XZ01 using RDP 4.97. A 
nucleotide (nt) sequence identity plot comparing the S gene (4755 
nt) of strain XZ01 (MN882587.1) with those of the BToV strains 
HT2 (GenBank accession no. MG957146.1) and Breda 1 (GenBank 
accession no. AY427798.1) is shown. The recombination breakpoint 
was identified using RDP 4.97 as beginning at nt 220 in the fragment 
(breakpoint 99% confidence intervals: nt position 1-285 in the gray 
fragment) and ending at nt 2296 (breakpoint 99% confidence inter-

vals: nt position 2198-2370 in the gray fragment) in the putative 
major parental strain HT2 (GenBank accession no. MG957146.1) 
and the possible minor parental strain Breda 1 (GenBank accession 
no. AY427798.1). The putative recombination region is located at nt 
220-2296 (shown in pink). The vertical axis indicates the identity (%) 
of nucleotide sequences between the query strain and other reference 
strains. The horizontal axis indicates the nucleotide position. (Only 
one recombinant strain is shown due to space limitations.)
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gene fragments (GenBank accession nos. MW114528, and 
MW114529, MN882587.1). All three HE genes were 1,257 
bp long, encoding a protein 418 aa residues in length. The 
HE gene sequences shared 98.7%-99.8% nt and 99.0%-
99.8% aa sequence identity with each other and shared 
71.7%-99.1% nt and 71%-98.8% aa sequence identity with 
all 24 of the BToV HE genes with complete sequences avail-
able in the GenBank database.

A phylogenetic tree was constructed by the maximum-
likelihood method based on the complete aa sequence of 
the HE protein, and this showed that all three yak BToV 
strains detected in this study were most closely related to a 
Chinese cattle strain previously obtained in our laboratory 
(GenBank accession no. MW114525) that belongs to geno-
type III (Fig. 3). Compared to the four available genotype 
III sequences, all three yak BToV genotype III strains had a 
single amino acid mutation (P44S) (Fig. S4), located in the 
esterase domain. In addition, compared with the sequences 
of the three foreign genotype III strains in the GenBank data-
base, there were five amino acid mutations in the HE gene 
of the Chinese genotype III strains (F6L, V78A, E143A, 
S238T, and Y418H) (Fig. S4).

A 3D model was constructed, and the results showed a 
significant difference in the three yak strains compared to the 
other four genotype III strains in GenBank (including one 
Chinese cow strain, two strains from the Netherlands, and 
one strain from Turkey). The three yak genotype III strains 
are predicted to have an α-helix from amino acids 238 to 

240 in the lectin domain, whereas the other type III strains 
are predicted to have a random coil in this region (Fig. 4).

Discussion

Development of RT‑iiPCR assay

BToV is an important diarrhea-causing pathogen that has 
been detected in China, Japan, Turkey, Italy, Brazil, Amer-
ica, South Africa, and other countries [1, 3, 5, 6, 8, 15, 28]. 
In this study, we developed a new RT-iiPCR assay for the 
detection of BToV based on the portable, commercially 
available POCKITTM device. This assay demonstrated high 
specificity and reproducibility for detection of BToV RNA 
with a detection limit of 23 copies/μL, thus providing an 
effective new tool for BToV detection. The RT-iiPCR assay 
takes only 58 minutes to produce a result, a much shorter 
time than with other PCR methods. POCKITTM devices for 
RT-iiPCR are widely used for detection of pathogens in the 
field [23, 29, 30]. Therefore, rapid detection of BToV can 
be carried out in the field by RT-iiPCR using a field nucleic 
acid extraction kit.

Detection of BToV in yaks

The Qinghai-Tibet Plateau is 4000 m above sea level on 
average, with strong ultraviolet radiation and an annual 

Fig. 3   Phylogenetic tree based 
on the complete deduced 418-aa 
sequence of the HE protein. 
Sequence alignments and 
clustering were performed using 
ClustalW in MEGA 7.0 soft-
ware. The tree was constructed 
by the maximum-likelihood 
method with bootstrap values 
calculated for 1,000 replicates. 
The isolates from this study are 
indicated by a triangle, and the 
other Chinese BToV isolates are 
indicated by a square.
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average temperature of less than 10 ℃ in most areas [17]. 
Yaks are essential for the livelihood of the local Tibetan 
people, providing meat, milk, skins, transport, and fuel (fae-
ces) [17]. In this study, 11.59% of the samples collected 
from yaks were BToV positive by RT-iiPCR, and the virus 
was detected on four out of the six farms tested in the two 
provinces in China. Although this is a low positivity rate for 
BToV, this is the first confirmation of the presence of BToV 
in yaks. BToV may already have a wide geographical dis-
tribution, and future work should determine the prevalence 
of BToV in yaks. In addition to China, yaks are distributed 
in India, Nepal, Pakistan, Kyrgyzstan, Mongolia, and Rus-
sia [16]. Diarrhea in newborn yaks causes major economic 
losses in the yak industry [31], and the results of this study 
provide a reference for the diagnosis and control of diarrhea 
in yaks. Phylogenetic analysis based on the S and HE genes 
showed that the yak BToV strain is closely related to cattle 
BToV strains from China, suggesting that the yak strain may 
have been transmitted from Chinese cattle.

Molecular characterization of the S gene

The S protein of BToV, like its counterpart in BCoV, is 
involved in the induction of neutralizing antibody produc-
tion during the infection process and plays an important 
role in pathogenesis [10, 32–34]. Cleavage occurs between 
amino acids 1003 and 1007 of the mature S protein of BToV, 
resulting in the formation of the S1 and S2 subunits [34, 
35]. S1 can bind independently to cellular receptors, and 

S2 mediates fusion of the viral and cell membranes [32]. 
The two yak BToV isolates from Tibet in this study have 
three identical amino acid mutations (S35F, T1335I, and 
K1583R). The first amino acid mutation is located in the 
S1 subunit, and the other two are located in the S2 subunit. 
These amino acid mutations might affect the function of the 
S protein. Further work is needed to investigate the biologi-
cal significance of these amino acid mutations. Recombina-
tion facilitates RNA virus evolution and can result in the 
emergence of new pathotypes, as well as the expansion of 
host ranges and ecological niches [36, 37]. Recombination 
occurring in the S and HE genes has been reported exten-
sively for coronaviruses, and recombination has also been 
reported in the HE gene in BToV [15, 38, 39]. In our study, 
all three yak BToV isolates appeared to have undergone 
the same recombination event in the S1 subunit of the S 
protein. Since the S1 subunit binds the host receptor [32], 
these sequence changes may have biological consequences 
and should be studied further. Due to the small number 
of sequences obtained in this study, the prevalence of this 
recombinant strain needs further investigation.

Molecular characterization of the HE gene

To date, there are only 27 complete BToV HE gene 
sequences in the GenBank database (including the sequences 
obtained in this study). Analysis of these sequences 
has shown that there are three genotypes of BToV [15]. 
Sequences are available for three genotype I isolates, 17 

Fig. 4   Predicted 3D structures of the BToV HE proteins (aa residues 
15-392) of BToV strain B150 (GenBank accession no. AJ575380.1) 
and yak BToV strain XZ01 (GenBank accession no. MN882587.1). 
The 3D models were constructed based on the crystal structure of 
BToV hemagglutinin-esterase (SMTL ID: 3i26.1) using the online 
software SWISSMODEL (https://​swiss​model.​expasy.​org/​inter​active). 
These models have identical structures in the esterase domain and the 

membrane-proximal domain. Yak BToV genotype III strains differ 
from the other genotype III strains in the lectin domain. The boxed 
portions of the structures indicate the different conformations of the 
same R domain of BToV strains. The domains are color-coded: lec-
tin domain (R, blue); esterase domain (E, green); membrane-proximal 
domain (MP, red).

https://swissmodel.expasy.org/interactive
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genotype II isolates, and seven genotype III isolates (includ-
ing the three sequences obtained in this study). Genotype 
III strains have only been reported in China (GenBank 
accession no. MW114525), Turkey (GenBank accession 
no. MG957145.1), and the Netherlands [15]. Interestingly, 
compared with the other four genotype III strains, the three 
yak BToV isolates from this study shared an identical unique 
amino acid change (P44S) in the E region. The esterase 
domain possesses receptor-destroying activity, which ena-
bles the virus to separate from sialic acid on the cell surface 
[14], and this sequence variation may affect the esterase 
function of the HE protein. This unique amino acid change 
in the yak BToV strain might be a specific adaptation to yaks 
or be related to the special geographical environment of the 
Qinghai-Tibet Plateau, with high altitude (average altitude of 
over 4000 m), low oxygen, low temperature, and low atmos-
pheric pressure.

A 3D model showed that the HE proteins of the three yak 
genotype III isolates were predicted to contain an α-helix 
from amino acids 238 to 240 in the lectin domain, while 
the other genotype III sequences were predicted to contain 
a random coil in this part of the protein [14]. Interestingly, 
compared with the other four genotype III sequences in Gen-
Bank, the three yak genotype III strains showed no unique 
amino acid variations at positions 238-240. The significance 
of this conformational difference in this portion of the pro-
tein should be studied further.

In conclusion, an RT-iiPCR assay was developed that 
provides a new tool for the rapid detection of BToV. This 
assay was used to identify BToV for the first time in yaks. A 
novel S gene recombination event was identified in BToV, 
and a unique amino acid change (P44S) was detected in the 
E region of the HE protein, which might affect esterase func-
tion. These findings will enhance our understanding of the 
epidemic and the genetic evolution of BToV.
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